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Abstract 
Predicting formability of sheet metal in warm forming condition is a challenge since warm 
forming is a thermo-mechanical process, and formability is varied with temperature and strain 
rate. Current standard forming limit curves (FLCs) which have been established for fixed 
values of temperatures and strain rates cannot be used directly to predict the formability of 
sheet metal in warm/hot forming processes. In this paper a series of experiment were carried 
out to establish FLCs for AA57DWDWHPSHUDWXUHUDQJHRIÛ&- Û&DQGDIRUPLQJUDWH
of 20mm/s ± 300mm/s using Argus system. Based on a set of continuum damage mechanics 
(CDM)-based theories, the constitutive model is implemented in Ls-Dyna user subroutine. FE 
result of strain distribution was compared with the experimental result from Argus system in 
terms of different strain paths. FE results have a good agreement with the experimental results, 
which indicates the FE model developed can be used to predict formability for warm forming 
process. 
Keywords: Aluminium alloy; Forming limit curves; Major strain; Continuum damage  
mechanics (CDM); FE simulation. 
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1. Introduction 
Aluminium alloy sheet components are an important contribution to light-weight vehicles due 
to their high strength to weight ratio [1]. However a major drawback for aluminium alloy sheet 
is its low formability at ambient temperature compared with steels [2]. Using hot/warm forming 
methods, the formability of aluminium alloys can be improved. The ductility of these alloys 
increases with temperature, and generally is enhanced by low deformation speed [3].  However, 
it is a fact that the ductility of some aluminium alloys can be enhanced by raising deformation 
speed (AA6082 for example) [4]. Therefore, characterising the aluminium alloy formability at 
elevated temperatures and for a wide range of strain rates is crucial for the wider use of elevated 
temperature aluminium sheet forming processes [5-7]. 
 
One common means for evaluating sheet metal formability is the Forming Limit Diagram 
(FLD). FLDs have been extensively adopted in experimental and numerical investigations. In 
the FLD, Forming Limit Curves (FLCs) are used to determine the likely occurrence of failure, 
for given strain conditions [8, 9]. They represent the limit strains for different strain paths in 
the principal strain space and are widely used for formability simulation in metal forming 
process. Many researchers are concerned with the determination of FLCs both experimentally 
and theoretically, and various testing methods are used to obtain experimental FLCs at room 
temperature [10, 11]. Two of the most commonly used test methods are the Marciniak type test 
[12] and Nakajima type test [13]. Different geometries and widths of test-piece have been used 
by different researchers, when using these tests, to produce different strain states, from uniaxial 
to plane strain, to equibiaxial tension. 
 
Due to the development of warm/hot forming processes for aluminium alloys, some efforts 
have been made to determine FLCs of aluminium alloys at elevated temperatures. However, 
3 
 
current standard FLC relating to fixed values of temperature and strain rate cannot be used 
directly to predict the forming limit of aluminium sheet in warm/hot forming processes, since 
temperature and strain rate may be changed during a forming process [14, 15]. Therefore, the 
conventional FLD is not an accurate method to predict the formability of the sheet metal 
forming at elevated temperature. Lin et al. [16, 17] developed s set of plane-stress continuum 
damage mechanics (CDM)-based viscoplastic constitutive equations to predict the shapes of 
FLCs for AA5754 at a temperature range of 350-550 Û&; however, the determination of the 
parameters and application in that model were not presented. In this paper the CDM-based 
constitutive model is introduced, based on fixed forming temperatures and forming rates. In 
this constitutive model, the fracture and forming limit are indicated by damage evolution, 
which may be summed over a range of changing temperature and strain rate; therefore, 
formability in a regime of changing temperature and strain rate can be predicted. 
 
In this paper, an experimental procedure to establish FLCs for an aluminium alloy at elevated 
temperatures are presented and a set of continuum damage mechanics (CDM)-based 
constitutive equations describing viscoplastic damage are presented. Material parameters in 
this model is determined for a temperature range of 200 - 300 Û&DQGDVWUDLQUDWHRI- 
1.0 s-1. A finite element (FE) model is developed, and the set of constitutive equations was 
integrated with this FE model via user-defined subroutine, and this FE model was applied to 
simulate a dome forming test in this paper. The FE model is validated by comparing predicted 
strain distributions with the experimental results for different strain paths. 
2. Experimental Programme 
Test-pieces were produced from commercial sheet alloy AA5754 supplied by Novelis UK Ltd. 
The chemical composition are listed in Table 1. Two sets of experimental data were used to 
calibrate the continuum viscoplastic damage model: stress-strain data from isothermal uniaxial 
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tensile tests and FLD data from isothermal dome forming tests. Firstly, tensile tests were 
conducted at warm forming temperatures, within a range of 20Û&-300Û&, and at strain rates 
within a range of 0.001-10 s-1. The tests were conducted within a furnace in which the 
temperature deviation in the test-SLHFHLVDURXQGÛ&LQDUDQJHRIÛ&-Û&. The strain 
fields were obtained by means of a non-contacting optical deformation measuring system 
(ARAMIS system) [16, 18].  
Table 1. The chemical composition of AA5754. 
Element Si Fe Cu Mn Mg Cr Zn Ti Al 
Wt% 0.08 0.16 0.004 0.45 3.2 0.001 0.01 0.02 Bal. 
 
Secondly, the formability (dome forming) tests were carried out in the same furnace at various 
temperatures up to a maximum of 300 °C, DWHPSHUDWXUHGHYLDWLRQRIÛ&ZDVIRXQGLQWKHWHVW-
piece, and forming speeds ranging from 20±300 mm/s. The GOM-ARGUS system was 
employed for measuring surface strain using pre-applied grids, and for determining limit strains 
according to the ISO 12004-2:2008 standard. The geometry of the test-piece was a circular 
blank with a central parallel edged waist, as shown in Figure 1. The rolling direction of the 
material was parallel to the longitudinal axis of the waist. A hemispherical punch was used 
with a diameter of 80 mm. Different widths of waist (W) were used to achieve different strain 
paths as shown in Table 1. 
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Figure 1. Blank geometry for Nakajima type tests (ISO 12004-2:2008) for Al alloys. 
 
Table 1. Blank geometries for different stress state (Dp is the diameter of the punch.) 
 
 
 
 
 
 
 
 
In order to use the GOM ARGUS system to analyse the strain after forming, a grid of 0.75 mm 
diameter circular dots with 1.5 mm centre-to-centre spacing was etched electrochemically. 
Nakajima type formability tests were conducted, using the tool set shown in Figure 2, mounted 
inside an oven on a 250 KN hydraulic press. The tool set consisted of a hemispherical punch 
fixed to the bottom plate, which was stationary during tests. The blank holder, upper die and 
tests-pieces were driven downwards by the press. The lubricant of Hi-Temp MSL Grease 
(Omega 35), which can resist WHPSHUDWXUHXSWRÛ& were pre-applied to the central area of 
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Geometry No. Test Type W (mm) W/Dp 
1 Uniaxial Tension 24 0.3 
2 Close to plane strain 64 0.8 
3 Plane Strain 80 1 
4 Close to plane strain 88 1.1 
5 Between No.4 and 6 120 1.5  
6 Equiaxial Tension  160 2.0 
Rolling Direction 
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the specimens to reduce the friction effect. Formability tests were carried out within a 
WHPSHUDWXUHUDQJHRIÛ&±Û&DQGDIRUPLQJVSHHGUDQJHRIPPV±300 mm/s.  
 
Figure 2. Dome forming tool set inside an oven 
3. Experimental results 
3.1. Tensile tests 
Figure 3 shows the effect of strain rate on the flow stress of AA5754 at different testing 
temperatures. It is noticed from the results that the flow stress level increases with increasing 
strain rate and the ductility is found to decrease with increasing strain rate. With increase of 
temperature, ductility is increased, and flow stress is decreased. At higher temperatures and 
lower strain rates the flow stress is nearly independent of strain, i.e. no significant work 
hardening can be observed. The results indicate that dynamic recovery takes place. Towards 
the end of deformation the flow stress decreases due to damage softening, which dominates 
until final failure. 
Blank holders 
Punch 
Top connector for 
applying load 
Protection cage 
Oven  
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Figure 3 Effect of strain rate on the flow stress of AA5754 at different temperatures. Data from 
uniaxial tensile tests. 
3.2. Formability test results 
Figure 4(a) shows test-pieces RI$$IRUPHGDWD WHPSHUDWXUHRIÛ&DQGDIRUPLQJ
speed of 20 mm/s. Since it is difficult to eliminate friction during forming at elevated 
temperatures, some fractures are not located at the centre of a test-piece but they all are within 
an acceptable distance from it. (According to ISO 12004-2:2008 Standard the FLC test is 
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considered to be valid when fracture occurs within a distance less than 15 % of the punch 
diameter away from the apex of the dome.) 
 
Figure4(b) illustrates a comparison of normalized thickness variation (t/t0) in directions relative 
WRWKDWRIUROOLQJIRUHTXLELD[LDOVWUDLQVWDWHVDWDWHPSHUDWXUHRIÛ&DQGDIRUPLQJVSHHG
of 20 mm/s, where t and t0 are the current and initial thickness. It is observed that the thickness 
variation of the specimen is not significantly dependent on direction [3]. 
 
A GOM-ARGUS system was used to process the strain profiles. Minor and major strains were 
obtained by using inverse parabolic fittings [15]. By analysing test-pieces with different 
geometries, data for different strain paths were determined and hence an FLC obtained. Figure 
4 shows FLCs for different temperatures at a forming speed of 75 mm/s, and different forming 
VSHHGV DW D WHPSHUDWXUH RI Û& As shown by the symbols in Figure 5(a),  formability 
increases with increasing temperature as evidenced by the increase  of the FLCs along the 
major strain axis. The increase is more significant at high temperature. The increase in 
IRUPDELOLW\IURPÛ&WRÛ&LVDERXWWZLFHWKHLQFUHDVHIURPÛ&WRÛ&LQWKHSODQH
strain region. As temperature increases, the V-shape of the FLCs appears to flatten, showing 
that the effect of the minor strain on formability reduced. As shown by the symbols in Figure 
5(b), the forming limit increases with decreasing forming speed, suggusting that the best 
ductilicy lies at low speeds form warm forming. It can be seen that when speed decreases from 
300 mm/s to 75 mm/s, the forming limit increases in the plane strain region and the FLC is 
flaWWHU6LJQLILQFDQWLPSURYHPHQWLQIRUPLQJOLPLWLVREVHUYHGIURPÛ&WRÛ& 
 
(a) 
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Figure 4. (a)Test-pieces RI$$IRUPHGDWDWHPSHUDWXUHRIÛ& and a forming speed 
of 20 mm/s. (b) Comparison of normalized thickness variation in different directions for 
biaxial tension test-piece DWÛ&ZLWKDIRUPLQJVSHHGRIPPV 
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Figure 5. Experimental FLDs for (a) different temperatures at a forming speed of 75 mm/s 
and (b) GLIIHUHQWIRUPLQJVSHHGVDWDWHPSHUDWXUHRIÛ& 
 
3.3 Material constitutive model 
In warm forming processes, strain rate varies dynamically with both time and location in a 
work-piece. It is well known that the formability of a metal sheet is a function of strain rate and 
temperature, thus current FLCs, which are based on  fixed values of strain rate cannot be used 
directly to predict the forming limit of sheet metal in warm forming [17, 19]. 
 
Lin et al., 2014 and Mohamed et al., 2014 [17, 19] developed a set of plane-stress continuum 
damage mechanics unified viscoplastic constitutive equations for AA5754. Based on uniaxial 
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tensile and formability tests, the continuum damage mechanics stress-based unified 
constitutive equations (Equations 1 to 6) were calibrated.  
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Where p
eH  in Equation (1) is the plastic strain rate which is formulated using the traditional 
power law. The evolution of material hardening, R , is given by Equation (3), which is a 
function of normalised dislocation density, defined as 0 0( ) /( )  mU U U U U [20, 21] , where 
0U  is the dislocation density for the virgin material (the initial state), and mU  is the maximum 
(saturated) dislocation density that the material could have. Thus U varies from 0U to mU , and 
normalized dislocation density, U , varies from 0 to 1. The parametersK , k ,B ,E ,C , 1K , 2K , 4K ,
A , n ,M  and '  are temperature-dependent material constants [22, 23]. Equations in Table 2 
represent the temperature-dependent parameters.  
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ijklD  is the plane stress elastic stiffness matrix of the material. The multiaxial damage Equation 
(6) comes from the uniaxial form with consideration of the multiaxial stress-state effect. 1D 
2D DQG 3D  are used to calibrate the effect of maximum principal stress, hydrostatic stress and 
effective stress on damage evolution respectively. ,I 1D RU 2D RU 3D    is zero, the implication is   
that the particular stress has no contribution to the damage process.  The symbol M  represents 
a parameter, which controls the effect of multi-axial stress values and their combination on 
damage evolution, thus determining formability. Symbol ' is for a correction factor to unify 
for the different strain values measured by uniaxial tensile tests and formability tests [17, 19]. 
 
Data from uniaxial tensile tests and dome forming tests at different temperature and different 
strain rates were used to calibrate the model and the optimised constants were obtained and 
shown in Table 3. The strain rate used for FLC model is the average value calculated from the 
punch speed and the maximum strain value. Figure 6 shows the comparison of experimental 
(symbols) and computed (solid curves) stress-strain relationships for different strain rates at 
different temperatures which demonstrate a good agreement between the model predictions 
and experimental results. The prediction of FLCs is shown as solid curves in Figure 7, which 
also show a good agreement between the model predictions and experimental results (symbols) 
for three different forming temperatures at a forming speed of 75 mm/s, and three different 
IRUPLQJ VSHHGV DW D IRUPLQJ WHPSHUDWXUH RI Û& UHVSHFWLYHO\ When damage parameter 
reaches 0.9, it is considered that fracture takes place. 
Table 2. Temperature-dependent parameters in the constitutive equation for AA5754. 
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Table 3. Material constants in the unified viscoplastic CDM constitutive equation for AA5754. 
 
 
  
  
  
  
1K  MPa  K1Q (J/mol) 2K  MPa  K 2Q (J/mol) 1k  MPa  k1Q (J/mol) 
3.53×102 1.74×103 -3.62×102 3.68×103 1.17×102 1.09×103 
2k  MPa  k 2Q (J/mol) 1B  MPa  B1Q (J/mol) 2B  MPa  B2Q (J/mol) 
-7.17×102 1.21×104 5.79×102 7.69×102 -1.02×103 4.81×103 
0E (MPa) EQ (J/mol) 0C (s
-1) CQ (J/mol) 11K  11QK  
3.86×104 1.47×103 7.24×109 1.09×105 1.63 6.72×102 
12K  12QK  21K  21QK  22K  22QK  
-2.47 6.82×103 1.98 6.79×102 -3.71 5.29×103 
3K  41K  41QK  42K  42QK  0A  
1.08 18.8 1.74×104 -10.9 1.61×104 1.44 
AQ  0n  nQ  1p  2p  3p  
1.15×102 5.07 1.69×103 -6.00 6.30×103 0.39 
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2.14×102 -3.83 3.9×10-3 0.91   
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Figure 6. Comparison of experimental (symbols) and computed (solid curves) stress-strain 
relationships for different strain rates at different temperatures. 
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Figure 7. Comparison of experimental (symbols) and computed (solid curves) FLDs for (a) 
different temperatures at a forming speed of 75 mm/s and (b)different forming speeds at a 
WHPSHUDWXUHRIÛ& 
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4. Development of finite element model for formability test 
FE simulations of the dome formability test were conducted using the explicit FE code 
Dynaform/Ls-Dyna and the plane stress deformation mode. The viscoplastic constitutive 
equations for deformation and damage, as well as the equations for the temperature-depended 
parameters, were embedded via the UMAT subroutine and coded using FORTRAN. A 
schematic diagram of the coupled thermo-mechanical model with boundary conditions is 
shown in Figure 6. The sheet was meshed using four-noded linear thin shell elements, with five 
elements through the thickness to ensure bending could be captured. Since the plastic 
anisotropy of AA5754 aluminium alloy is insignificant [3], isotropic material was used in this 
FE model. A quarter symmetry finite element model is shown in Figure 6. The diameter of the 
punch was 80 mm. The blank, with a diameter 160 mm and thickness of 2 mm, is deformed by 
a semi-spherical punch with diameter of 80 mm, with a fixed top die and moveable lower blank 
holder with a  spring force of 20 kN applied.  
 
Figure 8.FE model of the dome formability test. 
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In the FE model, two different material properties are defined at different locations of the blank. 
In the region within the diameter of 80 mm, shown by the red area in Figure 8, work-piece 
properties are defined by the CDM constitutive equations.  In the region clamped by the blank 
holders, shown by the yellow area in Figure 6, the damage parameter is removed, since the 
deformation and damage accumulation in the doming region is the focus of this study. 
 
The first step in the FE process modelling procedure was application of the boundary 
conditions. At the start of the simulation, the punch moves toward the sheet and first contact 
occurs between the sheet and blank holders. A blank holder pressure of 20 kN is applied to 
ensure no material is drawn in during the process. The forming speed was 75 mm/s, and blank 
temperature was Û&There are many available methods to determine the friction coefficient 
between the work-piece and tools [23]. At elevated temperature, the friction between the 
AA5754 blank and the tools is inevitable and the sliding friction coefficient was defined as 
0.1[24]. Since the formability test was conducted under an isothermal condition, it is assumed 
there is no heat transfer between the blank and the tools. When damage parameter reached 0.9, 
simulation was terminated.   
 
5. Results and Discussion 
Figure 9 shows the damage parameter variation with time t/tf for different strain paths, where t 
represents current time and tf represents the final time. The damage parameter is zero (no 
damage) at the beginning of deformation, and remains zero until damage is initiated, at which 
point the damage parameter, as calculated by the viscoplastic damage equations, increased with 
time. For these three strain paths, there is a significant increase of the damage parameter before 
failure. It is can be seen that the damage evolutions are different for different strain paths, which 
is attributed to the different stress states for these three strain paths at a certain time. 
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Figure 9. Prediction of damage parameter at the fracture locations for different strain paths, 
(Forming speed of 75 mm/s, WHPSHUDWXUHRIÛ&) 
Figure 10shows FE simulation results for different strain paths at a forming speed of 75 mm/s 
DQGWHPSHUDWXUHRIÛ&It can be observed that ductile failure is initiated at the location of 
localised necking. The prediction major strains at the failure are in good agreements of 
experiment results in the uniaxial, biaxial and plane strain state. If there was no friction, the 
maximum deformation should be in the centre of the specimen. Due to the friction between the 
blank and tools, the deformation in the centre was hindered by friction; therefore, the maximum 
strain occurs at a distance from the centre of the specimen in three strain state tests. With regard 
to the test-piece 1, i.e. uniaxial strain state, the maximum major strain in the area near the centre 
is around 0.33; with regard to test-piece 2, i.e. plane stress state, the maximum major strain is 
around 0.3; with regard to the test-piece 3, i.e. biaxial strain state, the maximum major strain 
is around 0.2. The location of fracture is the same as in simulation and experiment, for three 
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strain states, respectively. Qualitatively the simulations are in good agreement with the 
experiments, which indicates that the damage equation is correctly formulated and 
implemented.  
 
The largest plastic strain indicates the location of maximum thinning. Notably, the plastic strain 
is low in the mid-height circumferential region. In these three cases, the plastic strain is low at 
the location of the drawing bead, indicating that very little drawing of material through the 
clamping location occurs in the simulations. 
 
(a) Test-piece 1 
 
(b) Test-piece 2 
Experimental result                                Simulation result 
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(c) Test-piece 3 
Figure 10. FE simulation and experimental results for different test-pieces. Forming speed: 
75mm/s, temperature: Û& 
Comparisons of major strain distribution from experiment with FE simulation of the CDM 
model at times interval, t/tf=0.3, 0.6 and 1.0 are shown in Figure 11. The speed is 75mm/s and 
the forming temperature is 250oC. It can be seen that good agreement between results from the 
CDM model and experimental observations in terms of the thickness distribution and damage 
location for Test-piece 1 and 2. However for Test-piece 3, the difference of the major strain 
between the numerical and experimental results may be attributed to the fact that a constant 
friction coefficient was used in the FE model, but the friction situation was changed in the 
experiment [3]. At t/tf=0.3, the punch starts to stretch the test-piece up from the center and 
cause little major strain in the center of the sample. Further increasing of the punch stroke to a 
time ratio (t/tf=0.6) and due to friction between the sample and the punch, the max major strain 
is moved away from the center. At the end of the simulation and experiment failure takes place 
at expectable and at acceptable distance from the center. 
Major strain 
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(b) Test-piece 2  
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(c) Test-piece 3 
Figure 11. Major strain distribution with arc distance for test-piece 1 at different time. 
Forming VSHHGLVPPVWHPSHUDWXUHLVÛ& 
6. Conclusions 
A set of continuum damage mechanics (CDM)-based constitutive equations were developed 
and calibrated for AA5754. The equations were calibrated using two different sets of 
experiments; first the isothermal uniaxial data at different temperature and strain rates and 
secondly FLCs for different temperatures and different forming rates. The model was then 
validated by comparing FE model predictions to experimental results from dome forming tests. 
The close agreement between the predictions and observations of crack locations and major 
strain distribution indicates that the calibrated equations have the correct physical scaling and 
can be used to accurately model the viscoplastic flow and damage accumulation of AA5754 
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until failure. It is considered that the CDM model can be used to predict the formability of 
AA5754 during various warm forming processes. 
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